ABSTRACT
INTRODUCTION

23
The position of a developing embryo or foetus relative to others of the same or opposite sex can influence 
1 adjacent foetuses of the opposite sex: P(X = 1) = 2p(1 − p), 2 adjacent foetuses of the opposite sex:
The derivation is detailed in the Methods section, Figure 2 illustrates the result for a selection probabilities for each value of K is 1.
93
Figure 2. Example probability calculations for Case 1: Random gender. X is the number of adjacent foetuses of opposite sex, K is the number or foetuses in the uterine horn, and p is the probability that a randomly chosen foetus is female (here set at p=0.5 to reflect a balanced sex ratio).
The probability that there is 1 neighbour of the opposite sex does not depend on the number of foetuses K, and is always stable at 0.5. The other two probabilities converge asymptotically to the following values:
For p = 0.5 (equal numbers of males and females), these limits are 0.25, 0.5, 0.25 for 0, 1, and 2 94 adjacent foetuses of the opposite sex, respectively.
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Figure 3. Probability of 0, 1 and 2 adjacent foetuses of the opposite sex as a function of the number of foetuses in the uterine horn for Case 1: Random gender, with the probability (p) that a randomly picked foetus is female set at 0.5 (i.e. a balcnced sex ratio). Increasing litter size has no impact on the probability that there is at least one adjacent foetus of the opposite sex, but does increase the probability that a foetus will be flanked by two members of the opposite sex. The asymptotic values are 0.25, 0.5, 0.25 for 0, 1, and 2 adjacent foetuses of the opposite sex, respectively.
Case 2: Fixed gender
96
For the second model, Case 2: Fixed gender, we assume that there is a fixed number of female foetuses
97
(n) among the K foetuses in the uterine horn. The probabilities for 0, 1 or 2 adjacent foetuses of the 98 opposite sex for this model are:
99 0 adjacent foetuses of the opposite sex:
1 adjacent foetuses of the opposite sex:
2 adjacent foetuses of the opposite sex:
The derivation is detailed in the Methods section as before, Figure 4 depicts similar examples to those 102 in Figure 2 , and tabulated results are given in the supplementary material.
103
The probability of 0, 1 and 2 adjacent foetuses of the opposite sex as a function of the number of assumptions. Take, for example, K = 2 foetuses, p = 0.5 and n = K/2. In Case 1, the probability of 108 having a neighbour of the opposite sex is exactly 0.5. In case 2, however, we know that one of the 109 foetuses is male, and the other is female. Then the probability of having a neighbour of the opposite sex 110 is 1. The dramatic differences between the probability curves highlights the importance of specifying 111 the assumptions and the model when quoting probabilities in this context. Asymptotically (K → ∞),
112
both Case 1 and Case 2 converge to the same limit values: P(X = 0) = 0.25, P(X = 1) = 0.25, and 113 P(X = 2) = 0.25.
114
Changing the gender ratio 115 Where gender ratios within the uterine horn are equal, the probabilities of a given foetus being located . Examples of probability calculations for Case 2: Fixed gender. X is the number of adjacent foetuses of the opposite sex, K is the number of foetuses in the uterine horn, and n is the number of female foetuses (here set at K/2 to reflect a balanced sex ratio in each uterine horn). the right horn (Clark and Galef, 1990)), the probability of being adjacent to a member of the opposite sex 119 decreases, and the probability of being adjacent to 0 members of the opposite sex increases ( Figure 6 ).
120
For Case 1, if p = 0.3, then the probabilities for 0, 1, and 2 neighbours of the opposite sex would be 121 0.37, 0.42, 0.21, respectively.
122
A similar calculation can be performed for Case 2, where the number of foetuses in a uterine horn
123
K increases but the number of female foetuses n is fixed (e.g. n=3, Figure 7 ). The graph starts at K=3 124 because there are necessarily n = 3 females. At K = 6, the probabilities are 0.2, 0.6 and 0.2, and from 125 K = 3 to K = 6, the probability of having neighbours of the same sex (X = 0, black dashed line) decreases 126 because 3 male foetuses are gradually introduced. From this point onwards, however, the graph goes 127 upwards because the population is dominated by males, and the male proportion increases with each 128 increment of K. Consequently, the females will become progressively rarer, and the probability of 1 or 2 129 female neighbours will decrease with increasing K. This example illustrates the asymptotic case where Figure 6 . Probability of 0, 1 and 2 adjacent foetuses of the opposite sex as a function of the probability of female, p, calculated from Case 1: Random gender. At p=0.5 the sex ratio is equal and the probabilities that a given foetus is adjacent to 0, 1 or 2 members of the opposite sex are 0.25, 0.5 and 0.25 respectively. As sex ratios within the uterine horn become biased towards one sex or the other (i.e. shifts left or right on the x axis), the probability of being adjacent to 1 or 2 members of the opposite sex decreases (and therefore the probability of being adjacent to a member of the same sex increases).
"Upstream males"
133
The unidirectional (cervix to ovary) flow of blood in the rat uterus adds a further complication, as the foetus at position y, we visualise the probability that there is at least one male at any position between 1 138 and y − 1 (the argument is detailed in the Methods section). Figure 8 shows the probability of at least one behavior, and to facilitate this we have provided data, tools and resources for the determination of 150 intrauterine position probabilities for various litter sizes and sex ratios in several common model species.
151
Our results and approaches will also be applicable other rodent species, such as spiny mice (Acomys sp. Fixed gender for a constant number of females n = 3. When K and n are equal, all foetuses are female and there is no possibility that an adjacent foetus is a member of the opposite sex. From K = 3 to K = 6, the probability of having neighbours of the same sex decreases. At K=6 the sex ratio within the uterine horn is balanced, but since n is fixed, all subsequent additions are male, and at values of K >6 a male bias develops.
2002). We should therefore be extremely careful when using generalisations regarding "males" and Table 2 ). However, when there are 6 foetuses in 181 the horn and the probability that any one of these is female =0.5 (i.e. theoretically, the gender ratio within Table 1 ).
183
The situation is further complicated by seemingly impossible values that have been claimed, such as the 184 1/6, 3/6 and 1/6 for 2M, 1M and 0M respectively in a litter of 12 pups reported by (Nagel and vom Saal, research.
191
CONCLUSIONS
192
The underlying assumptions regarding whether there are a fixed number of males and females (as in our
193
Case 2: Fixed gender), or merely a predetermined probability of a given foetus being a particular sex (as leads to a decrease in the probability that a foetus will be adjacent to a member of the opposite sex, and so
198
increases the probability of same-sex neighbours.
199
METHODS
200
This section details the derivations of the results. We will be using the following notations:
201 t: gender of the embryo of interest, t ∈ {F, M} v, w: genders of the neighbours of the embryo of interest p: probability that a randomly chosen embryo is female P(t = F); hence P(t = M) = 1 − p K: number of embryos in the horn of the womb (arranged as 1 − 2 − 3 − 4 − · · · − K) X: a random variable denoting the number of neighbours of opposite sex; X ∈ {0, 1, 2}.
202
Derivation of Case 1: Random gender
203
Here we assume that there are K embryos in the horn of the womb, and their gender is not known in advance. Any given embryo could be male or female, which is governed by a fixed probability p. The task is to find the probability mass function of X. Denote by SP the special cases where we pick embryo 1 or embryo K, both of whom have only one neighbour. The remaining K − 2 embryos have 2 neighbours each. Then
where ∼ denotes the opposite event.
The three values of P(X) can be calculated separately as follows:
Taking into account the assumption that the genders do not depend on the position of the embryo, the conditional probabilities are respectively:
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and
Next we can calculate P(X = 2):
The first conditional probability is 0 because there cannot be two neighbours of different gender for the embryos at the end positions. For the other conditional probability,
Hence,
Finally,
For this case,
Noticing that the two conditional probabilities are identical,
Putting the probability mass function of X together, the probability that the number of neighbours of different gender for a randomly chosen embryo is:
Derivation of Case 2: Fixed gender
204
This time, the genders are fixed and the K embryos are arranged in random order. There are exactly n 205 female embryos and K − n male embryos. The notations and the task are the same as in the previous case.
206
Again,
This time, however, the conditional probabilities are different:
Then, after simple algebraic manipulations,
Similarly,
Putting equations (5), (6), and (7) together, the probability that the number of neighbours of different gender for a randomly chosen embryo is:
, X = 0,
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Here we seek to answer theoretically the question: "What is the probability that an foetus at position y is 208 preceded by at least one male foetus?"
209
In Case 1 (Random gender), the question should be phrased more precisely as: "Given the number of foetuses in the horn (K), and the probability of female (p), what is the probability that a foetus at position y is preceded by at least one male foetus?" Denote this probability by P M (y|K, p). y is a random variable taking values in the set {1, 2, . . . , K}. The probability of at least one male out of y − 1 independent Bernoulli trials is
In Case 2 (Fixed gender), the question should be phrased as: "Given the number of foetuses in the horn (K), and the number of female foetuses (n), what is the probability that a foetus at position y is preceded by at least one male foetus?" Denote this probability by P M (y|K, n). Clearly, P M (y|K, n) = 1 for any y > n + 1 because there can only be n female foetuses among the first y − 1, the remaining y − 1 − n foetuses must therefore be male. When y ≤ n + 1, the probability of having at least one male foetus among the y − 1 foetuses is the opposite of the probability of all y − 1 foetuses being female. This probability can be calculated as the ratio of the number of combinations of y − 1 out of n and the number of all combinations of y − 1 out of K. Then the probability of at least one male out of y − 1 independent trials is
, for y ≤ n + 1.
Resources
210
The associated MATLAB code and an Excel format probability calculator are available on GitHub (DOI: Table 1 . Probabilities of 0, 1 or 2 neighbours of the opposite sex for Case 1: Random Gender. p is the probability that a randomly picked foetus is female and K is the number of foetuses in the horn of the uterus. On the left, p=0.5, reflecting a balanced sex ratio. On the right, p=0.3, reflecting a bias towards males. Table 2 . Probabilities of 0, 1 or 2 neighbours of the opposite sex for Case 2: Fixed Gender. n is the number of female foetuses from a total of K foetuses in the horn of the uterus. On the left, n=K/2 (i.e. a balanced gender ratio), and so the total number of foetuses in the horn must be even. On the right, the number of females (n=3) does not change as the total number of foetuses in the uterine horn increases.
K P(X = 0) P(X = 1) P(X = 2) P(X = 0) P(X = 1) P(X = 2) 
